All fastq sequencing files were deposited in the European Nucleotide Archive (EBI ENA) public database under the accession project code: PRJEB32279. All other relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Farming of carnivorous fish species still relies on fishmeal (FM) and fish oil (FO) that represent the optimal sources of protein and lipids in aquafeeds. However, this dependence has to be overcome because FM and FO are no longer cost-effective and environmentally sustainable resources. Therefore, in the last decades, fish farmers and commercial feed producers have made substantial efforts to progressively reduce the proportion of these products in aquaculture feed, by replacing ground-up forage fish with terrestrial plant-derived protein and lipid sources \[[@pone.0231494.ref001], [@pone.0231494.ref002]\].

However, only a partial replacement of FM and FO is possible without negatively affecting fish growth performance and health status. The main drawbacks of using high levels of plant proteins in carnivorous fish feed are related to several nutritional imbalances and to the presence of a wide variety of anti-nutritional factors that challenge fish intestine functionality and health, thus reducing nutrient absorption and animal growth \[[@pone.0231494.ref003], [@pone.0231494.ref004]\]. Indeed, various studies have described a range of inflammatory gut reactions in carnivorous fish species, such as Atlantic salmon (*Salmo salar*), and European sea bass (*Dicentrarchus labrax*) in response to high replacement levels of marine-derived raw materials with plant-derived raw materials in the diet \[[@pone.0231494.ref004], [@pone.0231494.ref005], [@pone.0231494.ref006]\]. The shortening of the primary and secondary intestinal mucosal folds, higher level of infiltrated leucocytes in the *lamina propria* and submucosa, damaged microvilli, altered gut microbiota profiles, and increased gut permeability are the most typical signs of such inflammatory response \[[@pone.0231494.ref005], [@pone.0231494.ref006], [@pone.0231494.ref007]\]. These negative-side effects reduce the capacity of enterocytes to absorb nutrients and can promote the translocation of indigenous or opportunistic bacteria, potentially pathogenic for the host \[[@pone.0231494.ref008], [@pone.0231494.ref007]\]. In this context, there is an increasing interest in functional feeds containing selected additives that can help to prevent or mitigate the intestinal epithelium damage caused by extreme plant-based diet formulations \[[@pone.0231494.ref009]--[@pone.0231494.ref013]\]. Feed additives have quite diverse chemical natures and characteristics; they may be both, nutritive and non-nutritive ingredients and may interact with fish physiology by either direct or indirect mechanisms \[[@pone.0231494.ref014]\]. Functional feed additives include probiotics, prebiotics, immune-stimulants, organic acids, nucleotides, exogenous enzymes, and phytogenics (substances derived from herbs, spices, other plants and their extracts). Their application into diet formulations targets a specific purpose: probiotics, prebiotics, phytogenics, and immune-stimulants target the improvement of intestinal health, stress, and disease resistance, whereas acidifiers, exogenous enzymes and indirectly probiotics are used to improve fish performance by enhancing feed digestibility, or counteracting the negative effects of antinutrients \[[@pone.0231494.ref014]\].

Among prebiotics, galactomannans from different sources, have been related to enhanced fish growth performance and health status \[[@pone.0231494.ref015]--[@pone.0231494.ref020]\]. Galactomannans are heteropolysaccharides structurally composed of D-mannose, which makes up the backbone, and D-galactose that forms single branches along the mannan chain. Galactomannans originate from two sources; the first and main source is represented by plants, in particular, the endosperm of *Leguminosae* family\'s dicotyledonous plants seeds; the second is represented by microorganisms, such as yeast and fungi, in which galactomannans constitute an essential component of the cell walls.

Galactomannans from plants are in the form of soluble dietary fibers, thereby acting as prebiotics. The basic criteria to consider an ingredient as a prebiotic have been firstly established by Gibson and Roberfroid \[[@pone.0231494.ref021]\]. They defined a prebiotic as a nondigestible food ingredient that beneficially affects the host by selectively stimulating the growth and/or activity of one or a limited number of bacterial species already resident in the intestine.

Unlike yeasts' mannans that have been widely investigated in several fish species leading to contrasting results on their effects \[[@pone.0231494.ref022]--[@pone.0231494.ref024], [@pone.0231494.ref009], [@pone.0231494.ref025]--[@pone.0231494.ref029]\], galactomannans of plant origin are still scarcely explored as functional ingredients in aquafeeds. Nevertheless, it is known that the improvement of growth performance, health, and disease resistance in fish fed with prebiotics are frequently connected with changes in their gut microbial communities \[[@pone.0231494.ref018], [@pone.0231494.ref030]--[@pone.0231494.ref032]\].

In addition to changes in gut microbiota, other indirect mechanisms of action of prebiotics include bacterial end-products of fermentation. By definition, prebiotics are not digested by the host itself, but are fermented by bacteria present in the host's gut. The end products of prebiotic fermentation are short chain fatty acids, predominantly acetic, propionic and butyric acids. Among them butyrate is considered to be a preferred energy source for colonocytes and in vertebrates, including fish, plays a pivotal role in the maintenance of overall gut health, intestinal morphology, and function \[[@pone.0231494.ref033]--[@pone.0231494.ref034], [@pone.0231494.ref011], [@pone.0231494.ref031]\].

By comparison with prebiotics, only limited information is available on the potential benefits of phytogenics on fish health and, in general, on their application in animal nutrition \[[@pone.0231494.ref035], [@pone.0231494.ref013]\]. These products have great potential to be used in aquaculture due to a number of beneficial biological activities that include growth promotion, appetite stimulation, modulation of immune and antioxidant response in addition to antiparasitic, antibacterial, anaesthetic, and antistress activities \[[@pone.0231494.ref036]--[@pone.0231494.ref043]\]. These activities are positively reflected on feed palatability, fish digestive functions, and intestinal microbiota structure.

Phytogenic feed additives using plant extracts show greater modes of action in animal nutrition compared to synthetic, nature-identical substances \[[@pone.0231494.ref013], [@pone.0231494.ref038]\]. This advantage is based on the synergistic effects of all agents within a plant, which have not been reduced to the effects of a single lead substance. The challenge is finding the right combinations of natural substances while fully exploiting the synergy among their active ingredients.

Essential oils (EOs) represent the major group of phytogenic feed additives. EOs are a natural mixture of various organic substances synthesized by aromatic plants during secondary metabolism. EOs usually contain high amounts of different compounds, such as terpenes, alcohols, acetones, phenols, acids, aldehydes, and esters \[[@pone.0231494.ref044]\]. EOs are potent antimicrobial agents against different strains of pathogenic and food borne bacteria \[[@pone.0231494.ref045], [@pone.0231494.ref043]\]. Therefore, due to their antibacterial activity, phytochemicals can exert a prebiotic-like effect modulating fish gut bacterial composition \[[@pone.0231494.ref046], [@pone.0231494.ref012]\].

Accordingly, based on the aforementioned properties of galactomannans and phytogenics, the aim of this study was to investigate the effects of dietary inclusion of galactomannan oligosaccharides (GMOS), a mixture of garlic and labiatae-plants oils (PHYTO), and a combination of them (GMOSPHYTO), on gut microbiota composition of European sea bass fed with a plant-based diet. A 16S metabarcoding approach" was used to characterize gut bacterial communities of European sea bass.

Material and methods {#sec002}
====================

Ethics statement {#sec003}
----------------

All procedures involving fish complied with the guidelines of the European Union Council (86/609/EU) and Spanish legislation (RD 53/2013) and were approved by Bioethical Committee of the University of Las Palmas de Gran Canaria (Ref. 007/2012 CEBA ULPG).

Feeding trial, diets, and sampling {#sec004}
----------------------------------

Details of the feeding trial, set at Parque Científico-Tecnológico Marino (PCTM) of the University of Las Palmas de Gran Canaria (Telde, Canary Island, Spain), have been described by Torrecillas et al. \[[@pone.0231494.ref020]\]. Briefly, four isoenergetic and isonitrogenous experimental diets were manufactured by an extrusion process in the BioMar Tech-Centre (Brande, Denmark) starting from a plant-based formulation (10% FM, 6% FO) and containing different additives: 0.5% of galactomannan oligosaccharides from mucilage (GMOS; Delacon, Austria), 0.02% of a mixture of garlic and labiate-plants oils (PHYTO; Delacon, Austria) and a combination of both additives (GMOSPHYTO, 0.52%). Principal ingredients, and proximate composition of diets is reported in [Table 1](#pone.0231494.t001){ref-type="table"}, modified from Torrecillas et al. \[[@pone.0231494.ref020]\]. GMOS was included in the diet in the mix pre-extrusion process, PHYTO was included in post extrusion process by vacuum coating and homogenized with the dietary fish oil. The GMOS and PHYTO dosages were included in the diets accordingly to commercial recommendations. For GMOS, these recommendations were based on internal trials and other previous studies with similar products for the same fish species. For the blend of herbal extracts, the dietary concentration tested was also based on commercial recommendations, which mainly depended on MIC internal assays against *Vibrio sp*. The stability of the supplements was evaluated before and after feed production, as well as at the beginning of the feeding trial.

10.1371/journal.pone.0231494.t001

###### Main ingredients and proximate composition of the diets (modified from Torrecillas et al., 2019).

![](pone.0231494.t001){#pone.0231494.t001g}

                                                                         Diets (%)                   
  ---------------------------------------------------------------------- ----------- ------- ------- -------
  Fish meal[^1^](#t001fn001){ref-type="table-fn"}                        10          10      10      10
  Soya protein concentrate                                               18.9        18.9    18.9    18.9
  Soya meal                                                              12.0        12.0    12.0    12.0
  Corn gluten meal                                                       25.0        25.0    25.0    25.0
  Wheat                                                                  8.7         8.2     8.7     8.2
  Wheat gluten                                                           2.0         2.0     2.0     2.0
  Guar meal                                                              8.0         8.0     8.0     8.0
  Rapeseed extracted                                                     3.0         3.0     3.0     3.0
  Fish oil[^2^](#t001fn002){ref-type="table-fn"}                         6.7         6.7     6.7     6.7
  Rapeseed oil[^3^](#t001fn003){ref-type="table-fn"}                     5.4         5.4     5.4     5.4
  Vitamin and mineral premix[^4^](#t001fn004){ref-type="table-fn"}       3.7         3.7     3.7     3.7
  Antioxidant [^5^](#t001fn005){ref-type="table-fn"}                     0.06        0.06    0.06    0.06
  Galactomannan oligosaccharides[^6^](#t001fn006){ref-type="table-fn"}   0           0.5     0       0.5
  Phytogenic[^7^](#t001fn007){ref-type="table-fn"}                       0           0       0.02    0.02
  **Proximate composition (% of dry matter)**                                                        
  Crude lipids                                                           19.91       20.44   20.47   20.72
  Crude protein                                                          49.30       49.27   49.76   49.85
  Moisture                                                               5.10        5.01    5.06    5.17
  Ash                                                                    7.02        6.41    6.49    6.39
  Gross Energy (MJ/kg, as is)                                            22.07       22.11   22.17   22.25

^1^ South-American, Superprime 68%.

^2^ South American fish oil.

^3^ DLG AS, Denmark.

^4^ Vilomix, Denmark.

^5^ BAROX BECP, Ethoxyquin.

^6^Delacon Biotechnik GmbH, Austria.

^7^Delacon Biotechnik GmbH, Austria.

Nine hundred European sea bass juveniles were randomly distributed in 12 fiberglass tanks of 500 L in an open water system and fed *ad libitum* with four different diets in triplicate for 63 days. At the end of the trial, two fish per replicate (6 fish/diet) were sampled and the whole intestine was aseptically removed. The animals used for sampling were sacrificed by an overdose of anaesthetic (clove oil) using water bath immersion, and all efforts were made to minimize pain, stress, and discomfort in the animals. The faecal matter containing allochthonous (transient) intestinal bacteria was removed from each intestine by squeezing and collected in a sterile tube with 800 μl of Xpedition Lysis/Stabilization Solution (Zymo Research). The autochthonous (adhered) microbiota was obtained by scraping the whole intestinal mucosa (excluding pyloric caeca) with a sterile cotton swab. The tip of swap was immediately immersed in 200 μl of Xpedition Lysis/Stabilization Solution and vortexed to facilitate bacteria releasing as described in Rimoldi et al. \[[@pone.0231494.ref047]\]. Both faecal and mucosa samples were stored at room temperature for up to 48 hrs until bacterial DNA extraction.

The remained fish following this research were housed at the Las Palmas University facilities to be used in practical lessons for undergraduate students of veterinary and marine sciences faculties, focused to the learning of aquaculture husbandry practices. Fish were not used in further research, due to the influence of experimental diets in the intestine of different groups, giving an erroneous starting point for other feeding trials. Besides, animal's final weight was high for new trials.

DNA extraction {#sec005}
--------------

The bacterial DNA was extracted from 4 samples from each feed, 6 samples of faeces and 6 of intestinal mucosa per each dietary fish group. For each extraction, 200 mg of feed, 200 mg of faeces, and 200 microliters of mucosal bacteria suspension were used. The extraction of bacterial DNA from the feeds was done in parallel to biological samples, right after the feeding trail.

DNeasy PowerSoil Kit (Qiagen, Italy) was used for extraction, following the manufacturer's instructions with few modifications at the lysis step. Specifically, lysis was performed in PowerBead Tubes by means of a TissueLyser II (Qiagen, Italy) set at 25 Hz for 2 min. As a negative control for the extraction procedure, a sample with only lysis buffer was processed in parallel with all samples. The concentration of extracted DNA was assessed using a NanoDropTM 2000 Spectrophotometer (Thermo Scientific, Italy). DNA was stored at-- 20°C until the PCR reaction was performed.

16S Illumina library construction and high-throughput sequencing {#sec006}
----------------------------------------------------------------

Methodology applied for 16S rRNA gene library preparation and sequencing have been described in Rimoldi et al. \[[@pone.0231494.ref047]\] and Terova et al. \[[@pone.0231494.ref048]\]. The Illumina protocol "16S Metagenomic Sequencing Library Preparation for Illumina MiSeq System" (\#15044223 rev. B) was applied for library preparation. The V3-V4 region was amplified from 50 ng of microbial genomic DNA using Platinum® Taq DNA Polymerase High Fidelity kit (Thermo Fisher Scientific, Italy) and tailed using forward and reverse primers Pro341F (`5′-CCTACGGGNBGCASCAG -3′`) and Pro805R (`5′-GACTACNVGGGTATCTAATCC -3′`) selected by Takahashi et al. \[[@pone.0231494.ref049]\]. The amplicon length was checked on Agilent 2100 Bioanalyzer trace and the expected size was \~550 bp.

Illumina paired-end adapters with unique Nextera XT indexes were ligated to 16S amplicons using Nextera XT Index Kit (Illumina, San Diego, CA). Libraries were purified and normalized using the SequalPrep ™ Normalization Plate kit (Thermo Fisher), pooled at equimolar concentrations and diluted at 6 pM prior to sequencing on the Illumina MiSeq platform (Illumina). Libraries were sequenced with v3 chemistry on 300PE MiSeq runs.

16S amplicon sequencing data analysis {#sec007}
=====================================

Raw FASTQ sequencing data were processed using the open-source bioinformatics pipeline QIIME 2 (v. 2018.4) at the default setting \[[@pone.0231494.ref050]\]. To reconstruct the original amplicons, the reads generated by three different runs (one with all the samples, and two extra runs with mucosal and faecal samples that gave suboptimal Good's coverage value (\< 99.5%) and low number of reads in the first run) were separately processed with DADA2 \[[@pone.0231494.ref051]\]. R1 and R2 paired reads were trimmed at both 3' and 5' ends using Cutadapt v.2018.4.0 software, filtered for base quality (Q\>30) and merged. The remaining high-quality reads were de-replicated to obtain unique sequence (uniques) and chimeric sequences removed using QIIME DADA2 denoise-paired command. Denoised sequences with 99% or higher identity against uniques were de novo clustered into Operational Taxonomic Units (OTUs). Only the OTUs that represented at least 0.005% of total reads were kept. Taxonomy was assigned, down to genus level, using FeatureData \[Sequence\] artefact against the reference database GreenGenes v.13-8. Reads of mitochondrial or eukaryotic origin were excluded.

Alpha and beta diversity statistics were performed by alpha-phylogenetic and beta-phylogenetic command, respectively. To evaluate the compositional alpha- and beta-diversity, the samples were divided into two macro-groups (faeces+feeds, and mucosae+feeds) and separately analysed. Alpha diversity was calculated based on rarefied OTU table (rarefied at the lowest sample size) using observed OTUs, Shannon, Pielou's evenness, and Faith PD. Difference in taxonomic profiles among samples (beta diversity) was calculated using weighted (presence/absence/abundance matrix) and unweighted (presence/absence matrix) UniFrac distances \[[@pone.0231494.ref052]--[@pone.0231494.ref053]\]. The dissimilarity matrices were graphically represented by three-dimensional PCoA plots.

Statistics {#sec008}
----------

All data were verified for normality and homoscedasticity of variance by Shapiro-Wilk's and Levene's test, respectively. Depending on whether the assumptions were satisfied or not, differences between groups were analysed by one-way ANOVA with Tukey's pairwise test or by nonparametric Kruskal-Wallis followed by Dunn's post hoc test. Statistical significance was set at p\<0.05. All analyses were performed using Past3 software \[[@pone.0231494.ref054]\].

The number of reads across samples was normalized by sample size and the relative abundance (%) of each taxon was calculated. OTUs assigned to the phylum Cyanobacteria (class Chloroplast) and to mitochondria, were considered potential plant contaminants and were removed from the analysis. For each dietary group, only taxa present in at least half samples and with a mean overall abundance of more than 1% (up to order level) and 0.5% at family and genus level were considered for statistical analysis. Less abundant taxa were indicated as "Others" in the histograms of microbial community profiles of fish. They were not considered for statistical analysis, since we decided to analyse the effects of diet only on the most representative OTUs.

Before being statistically analysed, the resulting microbial profiles relative abundances of each OTU were calculated as the angular transformation (arcsine of the square root). The angular transformation of data is commonly used to make normal a binomial distribution like in our case in which the data were expressed as decimal fractions and percentages.

Multivariate analysis of beta diversity was tested using non-parametric analysis of similarities (ANOSIM) and Adonis tests with 999 permutations.

Results {#sec009}
=======

Fish growth parameters and biometry {#sec010}
-----------------------------------

After 63 days of feeding, the experimental diets did not induce differences in fish growth or diet utilization. All growth performance data concerning the present feeding trial have been recently reported by Torrecillas et al. \[[@pone.0231494.ref020]\].

Illumina MiSeq sequencing efficiency {#sec011}
------------------------------------

The obtained raw sequencing data were divided into two macro-groups (i.e. faeces+feeds and mucosa+feeds) that were analysed separately, i.e each macro-group indicates the set of samples statistically analysed together by the QIIME2 pipeline. Feeds were sequenced only one time, but they were statistically analysed twice, once per each macro-group.

We obtained a total number of quality-filtered reads of 1,338,727, which corresponded to 34,326 ± 17,538 reads per sample, for faeces+feeds macro-group and 1,114,122 reads, corresponding to 29,319 ± 18,581 reads per sample, for mucosa+feeds macro-group.

An overall of 125 and 210 unique sequences were found in faeces+feeds and mucosa+feeds macro-groups, respectively ([S1 Data File](#pone.0231494.s001){ref-type="supplementary-material"}). Only two samples (one of GMOS feed and one of mucosa from GMOSPHYTO group) were excluded after rarefaction analysis, since their rarefaction curve did not reach the plateau. On the basis of rarefaction analysis results, faeces+feeds and mucosae+feeds samples were rarefied at 4500 and 5000 reads, respectively. Rarefaction curves of Observed OTUs numbers of two macro-groups of samples have been reported in [S1](#pone.0231494.s002){ref-type="supplementary-material"} and [S2](#pone.0231494.s003){ref-type="supplementary-material"} Figs. All fastq sequencing files were deposited in the European Nucleotide Archive (EBI ENA) public database under the accession project code: [**PRJEB32279**]{.ul}.

Microbial profile of experimental feeds {#sec012}
---------------------------------------

Metabarcoding analysis of feed-associated bacteria showed that the microbial communities of CTRL feed deeply differed from those of experimental functional diets GMOSPHYTO, PHYTO, and GMOS. The number of reads taxonomically classified according to Greengenes database was 6,315 ± 760; 30,613 ± 5,521; 42,689 ± 8,558; and 30,953 ± 11,762 for CTRL, GMOS, GMOSPHYTO, and PHYTO diets, respectively. This number was significantly lower in CTRL feed (p\<0.05) in comparison to other feed samples. In addition, Pielou's evenness and Shannon alpha diversity indices of CTRL feed differed from those of functional feeds, being both indices significantly higher in CTRL samples. The OTU number was instead comparable among the diets, ranging from 42 to 50 OTUs ([S1 Table](#pone.0231494.s004){ref-type="supplementary-material"}).

After removing the OTUs assigned to eukaryotic sequences, the most abundant bacterial taxa were mainly comprised of 4 phyla, 7 classes, 10 orders, 14 families, and 11 genera. We have presented the profiles of microbial communities for each feed at phylum ([Fig 1A](#pone.0231494.g001){ref-type="fig"}) and genus ([Fig 1B](#pone.0231494.g001){ref-type="fig"}) taxonomic level and reported the relative abundance (%) of the most abundant taxa found in feed samples ([S2 Table](#pone.0231494.s005){ref-type="supplementary-material"}).

![Relative abundance (%) of the most prevalent bacteria in CTRL, GMOS, PHYTO, and GMOSPHYTO feeds at phylum (A), and genus (B) taxonomic level. Only bacteria with an overall abundance of ≥1% were reported. Bacteria with lower abundance were pooled and indicated as "Others".](pone.0231494.g001){#pone.0231494.g001}

At phylum level, functional feeds GMOS, GMOSPHYTO, and PHYTO were characterized by higher percentage of Firmicutes (55--61%) than CTRL feed (49%). Conversely, microbiota associated to CTRL feed showed a higher relative abundance of Proteobacteria (40%), mainly represented by the Gammaproteobacteria class, as compared to other feeds (29--34%) ([Fig 1A](#pone.0231494.g001){ref-type="fig"}, [S2 Table](#pone.0231494.s005){ref-type="supplementary-material"}). Accordingly, a high amount of the *Shewanellaceae* (9.9%), *Enterobacteriaceae* (4.6%), and *Vibrionaceae* (11%) families was found in the CTRL diet. Feeds containing prebiotic and/or phytogenic were instead enriched in *Lactobacillaceae* (66--73%).

At genus level, CTRL feed had higher relative abundance of *Corynebacterium* (3.8%), *Enterococcus* (5.5%), *Cetobacterium* (5.24%), *Shewanella* (9.9), *Erwinia* (4.6%), and *Photobacterium* (11.2%), whereas the *Lactobacillus* genus was dominant, with percentages ranging between 66 and 73%, in GMOS, GMOSPHYTO, and PHYTO diets ([Fig 1B](#pone.0231494.g001){ref-type="fig"}, [S2 Table](#pone.0231494.s005){ref-type="supplementary-material"}).

The permutational multivariate analysis made with Adonis and ANOSIM test on both, unweighted and weighted UniFrac distance data, statistically confirmed the differences between feed-associated microbial communities (beta-diversity). Adonis and ANOSIM tests revealed a significant difference (p\<0.05) between CTRL and functional feeds (GMOS, GMOSPHYTO, and PHYTO) in both, type (R^2^\>0.51, R\>0.50) and abundance (R^2^\>0.79, R = 1) of taxa found. The results of multivariate analysis are summarized in [Table 2](#pone.0231494.t002){ref-type="table"}.

10.1371/journal.pone.0231494.t002

###### Results of permutational multivariate analysis of variance (Adonis) and analysis of similarity (ANOSIM) based on unweighted and weighted UniFrac distance matrices, using abundance data of feed-associated bacterial communities.
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  Adonis                         Unweighted      Weighted                   
  ------------------------------ --------------- ---------- --------------- --------
                                 ***p*-value**   **R2**     ***p*-value**   **R2**
  diet CTRL vs diet GMOS         **0.022**       0.59       **0.033**       0.79
  diet CTRL vs diet GMOSPHYTO    **0.028**       0.67       **0.035**       0.86
  diet CTRL vs diet PHYTO        **0.034**       0.51       **0.033**       0.85
  diet GMOS vs diet GMOSPHYTO    0.146           0.30       0.421           0.16
  diet GMOS vs diet PHYTO        0.500           0.16       0.288           0.19
  diet GMOSPHYTO vs diet PHYTO   0.126           0.25       0.624           0.08
  **ANOSIM**                                                                
                                 ***p*-value**   **R**      ***p*-value**   **R**
  diet CTRL vs diet GMOS         **0.036**       0.50       **0.032**       1.00
  diet CTRL vs diet GMOSPHYTO    **0.028**       0.62       **0.032**       1.00
  diet CTRL vs diet PHYTO        **0.033**       0.59       **0.030**       1.00
  diet GMOS vs diet GMOSPHYTO    0.062           0.40       0.176           0.16
  diet GMOS vs diet PHYTO        0.709           -0.13      0.167           0.24
  diet GMOSPHYTO vs diet PHYTO   0.090           0.16       0.674           -0.11

Significant p-values are presented in bold.

Microbial profile and dietary modulation of allochthonous gut communities {#sec013}
-------------------------------------------------------------------------

The whole microbial community profile of 24 faecal samples was mainly composed of 11 phyla, 15 classes, 27 orders, 52 families, and 59 genera. By considering only the most representative taxa, the overall allochthonous microbiota consisted of 6 phyla (Actinobacteria, Bacteriodetes, Firmicutes, Proteobacteria, Spirochaetes, and Tenericutes), 9 classes (Actinobacteria, Bacteroidia, Bacilli, Clostridia, Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, \[Brevinematae\], and Mollicutes), 17 orders (Actinomycetales, Bacteroidales, Bacillales, Lactobacillales, Clostridiales, Rhizobiales, Rickettsiales, Burkholderiales, Neisseriales, Alteromonadales, Enterobacteriales, Oceanospirillales, Pasteurellales, Pseudomonadales, Vibrionales, \[Brevimatales\], and Mycoplasmatales), 23 families (*Corynebacteriaceae*, *Propionibacteriaceae*, *Bacteroidaceae*, *Bacillaceae*, *Staphylococcaceae*, *Lactobacillaceae*, *Streptococcaceae*, *Lachnospiraceae*, *Ruminococcaceae*, *Aurantimonadaceae*, *Methylobacteriaceae*, *Rhodobacteraceae*, *Comamonadaceae*, *Oxalobacteraceae*, *Neisseriaceae*, *Shewanellaceae*, *Enterobacteriaceae*, *Halomonadaceae*, *Pasteurellaceae*, *Moraxellaceae*, *Vibrionaceae*, *Brevinemataceae*, and *Mycoplasmataceae*), and 24 genera (*Corynebacterium*, *Propionibacterium*, *Bacteroides*, *Staphylococcus*, *Lactobacillus*, *Streptococcus*, *Faecalibacterium*, *Ruminococcus*, *Methylobacterium*, *Paracoccus*, *Aquabacterium*, *Janthinobacterium*, *Glaciecola*, *Shewanella*, *Escherichia*, *Cobetia*, *Aggregatibacter*, *Acinetobacter*, *Enhydrobacter*, *Psychrobacter*, *Enterovibrio*, *Photobacterium*, *Vibrio*, and *Mycoplasma*).

The profiles of faecal microbial communities for each feeding group and individual fish are presented at phylum and family taxonomic level in Figs [2](#pone.0231494.g002){ref-type="fig"} and [3](#pone.0231494.g003){ref-type="fig"}, respectively. To elaborate alpha rarefaction analysis (alpha diversity), samples were normalized at a sequencing depth of 4,500 reads. Administration of combined functional diet GMOSPHYTO, but not GMOS and PHYTO diets, significantly decreased (p\<0.05) the number of observed OTUs with respect to CTRL diet. Conversely, diet type did not affect either phylogenetic diversity (Faith PD) or entropy (Shannon and Pielou's evenness) ([Table 3](#pone.0231494.t003){ref-type="table"}).

![Relative abundance (%) of the most prevalent allochthonous bacterial phyla in each dietary group (A) and in individual fish (B). In the figure, all taxa with an overall abundance of ≥1% were reported. \* indicates outlier samples excluded from relative abundance analysis.](pone.0231494.g002){#pone.0231494.g002}

![Relative abundance (%) of the most prevalent allochthonous bacterial families in each dietary group (A) and in individual fish (B). In the figure, all taxa with an overall abundance of ≥1% were reported.](pone.0231494.g003){#pone.0231494.g003}

10.1371/journal.pone.0231494.t003

###### Original number of reads per group-treatment assigned to OTUs, and alpha diversity metrics values (rarefied at 4500 reads) of faecal microbial community in sea bass fed CTRL, GMOS, GMOSPHYTO, and PHYTO diets.
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                      FEEDING GROUPS                                                
  ------------------- -------------------- -------------------- ------------------- --------------------
  Reads               48,041 ± 14,700^a^   17,556 ± 16,463^b^   47,907 ± 9,400^a^   41,004 ± 9,138^ab^
  Observed OTUs       42.83 ± 9.09^a^      33.00 ± 4.73^ab^     22.00 ± 10.94^b^    36.67 ± 17.44^ab^
  Shannon             2.63 ± 0.75          3.74 ± 1.29          2.31 ± 0.33         2.30 ± 0.08
  Pielou's evenness   0.49 ± 0.12          0.75 ± 0.27          0.54 ± 0.06         0.47 ± 0.10
  Faith PD            4.07 ± 0.99          3.76 ± 0.99          3.07 ± 1.50         4.31 ± 1.69

Reported data are expressed as means ± SD (n = 6). The means were compared by Kruskal-Wallis test (p\<0.05). Different superscript letters on the same column indicate significant differences.

Analysis of beta-diversity revealed an overall effect of diet on microbial communities both in presence/absence (unweighted UniFrac), and in relative abundance (weighted UniFrac) of OTUs ([Fig 4A and 4B](#pone.0231494.g004){ref-type="fig"}). However, the major effect of diet was observed in terms of relative abundance of taxa. The first principal coordinate PC1 of weighted UniFrac PCoA plot explained, indeed, 77% of the variation between individuals ([Fig 4B](#pone.0231494.g004){ref-type="fig"}). Interestingly, CTRL and GMOS fish groups clustered together and distinctly from PHYTO and GMOSPHYTO samples, which in turn grouped together ([Fig 4B](#pone.0231494.g004){ref-type="fig"}). Additionally, both in unweighted ([Fig 4A](#pone.0231494.g004){ref-type="fig"}) and weighted ([Fig 4B](#pone.0231494.g004){ref-type="fig"}) UniFrac PCoA, faecal samples appeared clearly separated from feed samples, thus indicating that observed differences between transient intestinal bacterial communities were not simply a consequence of undigested feed that might have been present in the intestinal lumen.

![Beta diversity metrics.\
Principal coordinate analysis (PCoA) of Unweighted (A) and Weighted (B) Unifrac distances of gut allochthonous microbial communities associated to different diet. The figures show the 3D plot of individual fish according to their microbial profile at genus level.](pone.0231494.g004){#pone.0231494.g004}

The permutational multivariate analysis applying Adonis and ANOSIM tests on UniFrac distance data, fully confirmed the PCoA results. Multivariate analysis on weighted data revealed significant differences between CTRL and GMOS versus PHYTO and GMOSPHYTO dietary groups (R^2^ \> 0.41, R \> 0.38, p\<0.05). Results of pairwise comparisons on phylogenetic distances are summarized in [Table 4](#pone.0231494.t004){ref-type="table"}.

10.1371/journal.pone.0231494.t004

###### Results of permutational multivariate analysis of variance (Adonis) and analysis of similarity (ANOSIM) based on unweighted and weighted Unifrac distance matrices, using abundance data of faecal bacterial communities at genus level.
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  Adonis                        Unweighted      Weighted                       
  ----------------------------- --------------- -------------- --------------- --------------
                                ***p*-value**   **R**^**2**^   ***p*-value**   **R**^**2**^
  CTRL vs GMOS                  0.088           0.19           0.251           0.12
  CTRL vs GMOSPHYTO             **0.003**       0.22           **0.026**       0.36
  CTRL vs PHYTO                 **0.004**       0.30           0.131           0.18
  GMOS vs GMOSPHYTO             **0.048**       0.20           **0.006**       0.68
  GMOS vs PHYTO                 **0.009**       0.26           **0.014**       0.41
  GMOSPHYTO vs PHYTO            **0.010**       0.21           0.567           0.05
  CTRL vs diet CTRL             **0.005**       0.48           0.060           0.24
  GMOS vs diet GMOS             **0.030**       0.40           **0.010**       0.44
  GMOSPHYTO vs diet GMOSPHYTO   **0.007**       0.48           **0.003**       0.87
  PHYTO vs diet PHYTO           **0.006**       0.39           **0.009**       0.56
  **ANOSIM**                                                                   
                                ***p*-value**   **R**          ***p*-value**   **R**
  CTRL vs GMOS                  0.115           0.19           0.193           0.08
  CTRL vs GMOSPHYTO             **0.005**       0.31           **0.028**       0.38
  CTRL vs PHYTO                 **0.005**       0.51           0.166           0.09
  GMOS vs GMOSPHYTO             0.051           0.28           **0.007**       0.72
  GMOS vs PHYTO                 **0.005**       0.47           **0.018**       0.47
  GMOSPHYTO vs PHYTO            **0.004**       0.39           0.260           0.03
  CTRL vs diet CTRL             **0.007**       0.83           0.082           0.24
  GMOS vs diet GMOS             **0.028**       0.45           **0.018**       0.53
  GMOSPHYTO vs diet GMOSPHYTO   **0.002**       0.71           **0.008**       1.00
  PHYTO vs diet PHYTO           **0.009**       0.50           **0.045**       0.47

Significant p-values are presented in bold.

In line with beta-diversity analysis, the major differences in terms of transient microbiota composition and taxa abundance were found between CTRL and fish feed diets containing phytogenics (i.e. PHYTO and GMOSPHYTO).

At phylum level, there were no relevant changes in transient gut microbiota profiles, which were mainly constituted by Proteobacteria, Firmicutes, and Actinobacteria phyla ([Fig 2](#pone.0231494.g002){ref-type="fig"}). A significant decrease (p\<0.05) of bacteria belonging to the Alpha- and Betaproteobacteria classes was found in fish fed with PHYTO and GMOSPHYTO diets in comparison to control and GMOS groups that were characterized by a high number of bacteria assigned to the Rickettsiales and Neisseriales orders ([Table 5](#pone.0231494.t005){ref-type="table"}). PHYTO and GMOSPHYTO dietary groups were enriched in Gammaproteobacteria essentially represented by the Vibrionales order (85--88%). Other bacterial orders belonging to Gammaproteobacteria, such as Alteromonadales, Enterobacteriales, and Pseudomonadales were practically detected only in fish fed with CTRL and GMOS diets, whereas Oceanospirillales and Pasteurellales were exclusively found in GMOS faecal samples. PHYTO were also enriched in the Clostridia class.

10.1371/journal.pone.0231494.t005

###### Mean relative abundance (%) ± SD (n = 6) of the most prevalent phyla, orders, classes, families, and genera found in faecal samples of sea bass fed with four experimental diets.
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  TAXA                                                                                       DIET                                                                               
  ------------------------------------------------------------------------------------------ ------- --- ----------- ------- --- ----------- ------- --- ---------- ------- --- ----------
  **Phylum**                                                                                                                                                                    
  Actinobacteria                                                                             1.84    ±   1.29        5.46    ±   7.41        0.13    ±   0.19       0.38    ±   0.66
  Bacteriodetes                                                                              0.00    ±   0.00        0.00    ±   0.00        0.00    ±   0.00       1.85    ±   1.14
  Firmicutes                                                                                 4.82    ±   4.94        4.32    ±   5.46        1.27    ±   2.01       3.35    ±   3.08
  Proteobacteria                                                                             92.84   ±   6.45        88.63   ±   4.90        92.12   ±   5.26       92.7    ±   5.63
  Spirochaetes                                                                               0.03    ±   0.08        0.00    ±   0.00        1.71    ±   1.63       0.75    ±   1.67
  Tenericutes                                                                                0.04    ±   0.08        0.67    ±   1.65        4.75    ±   7.10       0.77    ±   1.32
  **Class** Actinobacteria                                                                   1.84    ±   1.29        5.45    ±   7.40        0.00    ±   0.00       0.37    ±   0.66
  Bacteroidia                                                                                0.00    ±   0.00        0.00    ±   0.00        0.00    ±   0.00       1.85    ±   1.13
  Bacilli                                                                                    4.73    ±   4.89        4.27    ±   5.46        1.17    ±   2.02       0.35    ±   0.61
  Clostridia                                                                                 0.08    ±   0.05^ab^    0.04    ±   0.09^b^     0.10    ±   0.15^ab^   2.97    ±   2.57^a^
  Alphaproteobacteria                                                                        30.71   ±   32.38^ab^   35.51   ±   25.31^a^    3.85    ±   3.29^b^    6.45    ±   12.44^b^
  Betaproteobacteria                                                                         2.73    ±   2.35^a^     8.40    ±   10.60^a^    0.12    ±   0.13^b^    0.21    ±   0.46^b^
  Gammaproteobacteria                                                                        59.34   ±   34.08^ab^   47.70   ±   31.35^b^    88.14   ±   5.51^a^    86.04   ±   17.08^a^
  \[Brevinematae\]                                                                           0.00    ±   0.00        0.00    ±   0.00        1.70    ±   1.62       0.74    ±   1.67
  Mollicutes                                                                                 0.03    ±   0.08        0.67    ±   1.64        4.74    ±   7.09       0.77    ±   1.32
  **Order**                                                                                                                                                                     
  Actinomycetales1.84±1.29^a^5.45±7.40^ab^0.12±0.18^b^0.05±0.07^b^Bacteroidales              0.00    ±   0.00        0.00    ±   0.00        0.00    ±   0.00       1.85    ±   1.13
  Bacillales                                                                                 1.44    ±   1.28        0.27    ±   0.55        0.04    ±   0.07       0.06    ±   0.11
  Lactobacillales                                                                            3.28    ±   3.83        4.00    ±   5.57        1.13    ±   2.03       0.29    ±   0.50
  Clostridiales                                                                              0.08    ±   0.05^ab^    0.04    ±   0.09^b^     0.09    ±   0.15^ab^   2.98    ±   2.57^a^
  Rhizobiales                                                                                0.86    ±   0.49^a^     2.82    ±   6.38^ab^    0.04    ±   0.03^b^    0.06    ±   0.13^b^
  Rickettsiales                                                                              29.40   ±   31.34^ab^   29.62   ±   22.08^a^    3.80    ±   3.26^b^    6.39    ±   12.31^b^
  Burkholderiales                                                                            0.91    ±   0.63^a^     5.97    ±   10.27^ab^   0.03    ±   0.02^b^    0.11    ±   0.23^b^
  Neisseriales                                                                               1.82    ±   1.78^a^     2.43    ±   3.69^ab^    0.01    ±   0.11^b^    0.10    ±   0.23^b^
  Alteromonadales                                                                            5.53    ±   11.95       2.15    ±   3.99        0.00    ±   0.00       0.02    ±   0.04
  Enterobacteriales                                                                          7.36    ±   15.87^a^    4.06    ±   3.80^ab^    0.00    ±   0.00       0.03    ±   0.04^b^
  Oceanospirillales                                                                          0.00    ±   0.00        3.11    ±   4.86        0.00    ±   0.00       0.00    ±   0.00
  Pasteurellales                                                                             0.00    ±   0.00        1.74    ±   4.27        0.00    ±   0.00       0.00    ±   0.00
  Pseudomonadales                                                                            2.07    ±   2.16^a^     3.60    ±   3.82^ab^    0.11    ±   0.17^b^    0.09    ±   0.13^b^
  Vibrionales                                                                                44.36   ±   39.70^bc^   30.89   ±   34.12^c^    88.02   ±   5.53^b^    85.90   ±   17.30^a^
  \[Brevimatales\]                                                                           0.03    ±   0.07        0.00    ±   0.00        1.71    ±   1.62       0.75    ±   1.67
  Mycoplasmatales                                                                            0.03    ±   0.08        0.67    ±   1.64        4.74    ±   7.09       0.77    ±   1.32
  **Family**                                                                                                                                                                    
  *Corynebacteriaceae*                                                                       1.37    ±   1.26        1.09    ±   2.48        0.09    ±   0.14       0.00    ±   0.00
  *Propionibacteriaceae*1.98±2.87^a^8.40±12.08^ab^0.04±0.05^b^0.05±0.10^b^*Bacteroidaceae*   0.00    ±   0.00        0.00    ±   0.00        0.00    ±   0.00       1.48    ±   1.09
  *Bacillaceae*                                                                              0.52    ±   0.49        0.00    ±   0.00        0.00    ±   0.00       0.02    ±   0.05
  *Staphylococcaceae*                                                                        2.57    ±   4.40        0.68    ±   1.53        0.04    ±   0.07       0.06    ±   0.10
  *Lactobacillaceae*                                                                         5.00    ±   5.96        4.78    ±   6.41        1.14    ±   2.22       0.33    ±   0.63
  *Streptococcaceae*                                                                         0.67    ±   0.51^a^     0.39    ±   0.89^b^     0.04    ±   0.06^b^    0.05    ±   0.08^b^
  *Lachnospiraceae*                                                                          0.00    ±   0.00        0.00    ±   0.00        0.00    ±   0.00       1.43    ±   1.18
  *Ruminococcaceae*                                                                          0.00    ±   0.00        0.00    ±   0.00        0.00    ±   0.00       1.95    ±   2.68
  *Aurantimonadaceae*                                                                        0.00    ±   0.00        2.28    ±   5.58        0.00    ±   0.00       0.00    ±   0.00
  *Methylobacteriaceae*                                                                      1.99    ±   2.95^a^     2.91    ±   6.04^ab^    0.04    ±   0.04^b^    0.08    ±   0.16^b^
  *Rhodobacteraceae*                                                                         1.43    ±   2.93        0.05    ±   0.14        0.00    ±   0.00       0.00    ±   0.00
  *Comamonadaceae*                                                                           0.95    ±   1.31^a^     5.36    ±   8.01^ab^    0.02    ±   0.02^b^    0.07    ±   0.14^b^
  *Oxalobacteraceae*                                                                         1.50    ±   2.31^a^     4.38    ±   9.78^ab^    0.00    ±   0.00       0.08    ±   0.19^b^
  *Neisseriaceae*                                                                            5.43    ±   9.21^a^     3.49    ±   4.35^ab^    0.10    ±   0.11^b^    0.14    ±   0.32^b^
  *Shewanellaceae*                                                                           6.26    ±   12.35       1.34    ±   3.27        0.00    ±   0.00       0.02    ±   0.06
  *Enterobacteriaceae*                                                                       8.29    ±   16.41^a^    7.23    ±   6.64^a^     0.00    ±   0.00       0.04    ±   0.06^b^
  *Halomonadaceae*                                                                           0.00    ±   0.00        3.63    ±   5.66        0.00    ±   0.00       0.00    ±   0.00
  *Pasteurellaceae*                                                                          0.00    ±   0.00        3.17    ±   7.77        0.00    ±   0.00       0.00    ±   0.00
  *Moraxellaceae*                                                                            2.85    ±   2.35^a^     6.28    ±   7.17^ab^    0.05    ±   0.07^b^    0.11    ±   0.19^b^
  *Vibrionaceae*                                                                             13.08   ±   17.00^b^    34.00   ±   37.07^b^    25.55   ±   29.10^b^   86.56   ±   8.71^a^
  *Brevinemataceae*                                                                          0.03    ±   0.08        0.00    ±   0.00        1.81    ±   1.75       0.75    ±   1.67
  *Mycoplasmataceae*                                                                         0.04    ±   0.09        0.71    ±   1.74        4.82    ±   7.16       1.02    ±   1.87
  **Genus**                                                                                                                                                                     
  *Corynebacterium*                                                                          1.37    ±   1.26        1.08    ±   2.48        0.09    ±   0.14       0.00    ±   0.00
  *Propionibacterium*                                                                        1.98    ±   2.87^a^     8.40    ±   12.08^ab^   0.04    ±   0.05^b^    0.05    ±   0.10^b^
  *Bacteroides*0.00±0.000.00±0.000.00±0.001.48±1.09*Staphylococcus*                          2.57    ±   4.40        0.68    ±   1.53        0.04    ±   0.07       0.06    ±   0.10
  *Lactobacillus*                                                                            5.00    ±   5.96        4.48    ±   6.41        1.14    ±   2.22       0.33    ±   0.62
  *Streptococcus*                                                                            0.67    ±   0.51^a^     0.39    ±   0.89^ab^    0.04    ±   0.06^b^    0.05    ±   0.08^b^
  *Faecalibacterium*                                                                         0.00    ±   0.00        0.00    ±   0.00        0.00    ±   0.00       1.10    ±   1.17
  *Ruminococcus*                                                                             0.00    ±   0.00        0.00    ±   0.00        0.00    ±   0.00       0.69    ±   1.30
  *Methylobacterium*                                                                         1.99    ±   2.95^a^     2.91    ±   6.04^ab^    0.04    ±   0.04^b^    0.08    ±   0.17^b^
  *Paracoccus*                                                                               1.21    ±   2.58        0.06    ±   0.14        0.00    ±   0.00       0.00    ±   0.00
  *Aquabacterium*                                                                            0.86    ±   1.37        5.36    ±   8.00        0.02    ±   0.02       0.07    ±   0.14
  *Janthinobacterium*                                                                        1.37    ±   2.20^a^     0.22    ±   0.53^b^     0.00    ±   0.00       0.08    ±   0.19^b^
  *Glaciecola*                                                                               0.00    ±   0.00        1.88    ±   4.61        0.00    ±   0.00       0.00    ±   0.00
  *Shewanella*                                                                               6.26    ±   12.35       1.34    ±   3.27        0.00    ±   0.00       0.02    ±   0.05
  *Escherichia*                                                                              8.28    ±   16.39^a^    7.23    ±   6.63^a^     0.00    ±   0.00       0.03    ±   0.06^b^
  *Cobetia*                                                                                  0.00    ±   0.00        3.63    ±   5.66        0.00    ±   0.00       0.00    ±   0.00
  *Aggregatibacter*                                                                          0.00    ±   0.00        3.17    ±   7.77        0.00    ±   0.00       0.00    ±   0.00
  *Acinetobacter*                                                                            0.95    ±   1.79        0.11    ±   0.28        0.00    ±   0.00       0.01    ±   0.02
  *Enhydrobacter*                                                                            1.90    ±   1.73        4.81    ±   7.30        0.05    ±   0.07       0.07    ±   0.16
  *Psychrobacter*                                                                            0.00    ±   0.00        1.35    ±   3.30        0.00    ±   0.00       0.02    ±   0.03
  *Enterovibrio*                                                                             0.00    ±   0.00        0.01    ±   0.02        0.02    ±   0.50       3.72    ±   8.32
  *Photobacterium*                                                                           0.65    ±   0.96        17.75   ±   25.22       0.22    ±   0.50       18.69   ±   36.78
  *Vibrio*                                                                                   7.82    ±   10.62       0.74    ±   1.81        12.92   ±   11.90      30.00   ±   42.93
  *Mycoplasma*                                                                               0.04    ±   0.08        0.71    ±   1.74        4.81    ±   7.16       1.02    ±   1.87

Means in the same row with different letters indicate statistical significance between taxonomic groups' abundances (p\<0.05)

At family level changes in taxa abundance practically reflected what was observed at higher taxonomic levels. Interestingly, *Propionibacteriaceae*, represented by the *Propionibacterium* genus, were negatively affected by phytogenics containing diets. Similarly, the number of lactic acid bacteria assigned to the *Streptococcaceae* family was significantly reduced by all functional diets ([Table 5](#pone.0231494.t005){ref-type="table"}).

When the analysis was performed at genus taxonomic level, only few genera resulted significantly influenced by diet. Among them *Streptococcus* and *Janthinobacterium* were abundant in control samples, whereas *Propionibacterium* and *Methylobacterium* in CTRL and GMOS samples. The *Bacteroides*, *Faecalibacterium* and *Ruminococcus* genera were present only in PHYTO sample. Lastly, PHYTO and GMOSPHYTO diets seemed to have a bactericidal activity against the genus *Escherichia*.

Microbial profile and dietary modulation of autochtonous gut communities {#sec014}
------------------------------------------------------------------------

After removing the reads corresponding to eukaryotic sequences, the entire microbial community profile of 23 intestinal mucosal samples consisted of 10 phyla, 21 classes, 40 orders, 75 families, and 112 genera. However, if we considered only the most representative taxa, the overall autochthonous microbiota was composed of 7 phyla (Actinobacteria, Bacteroidetes, Firmicutes, Fusobacteria, Proteobacteria, Spirochaetes, and Tenericutes), 11 classes (Actinobacteria, Bacteroidia, Flavobacteriia, Bacilli, Clostridia, Fusobacteriia, Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, \[Brevinematae\], and Mollicutes), 21 orders (Actinomycetales, Bacteroidales, Flavobacteriales, Bacillales, Lactobacillales, Clostridiales, Fusobacteriales, RF32, Rhizobiales, Rhodobacterales, Sphingomonadales, Burkholderiales, Neisseriales, Alteromonadales, Enterobacteriales, Oceanospirillales, Pseudomonadales, Salinisphaerales, Vibrionales, \[Brevinematales\], and Mycoplasmatales), 42 families, and 51 genera (Tables [6](#pone.0231494.t006){ref-type="table"} and [8](#pone.0231494.t008){ref-type="table"}). Profiles of gut mucosa communities for each feeding group and individual fish are graphically presented at phylum ([Fig 5](#pone.0231494.g005){ref-type="fig"}) and order ([Fig 6](#pone.0231494.g006){ref-type="fig"}) taxonomic level.

![Relative abundance (%) of the most prevalent autochthonous bacterial phyla in each dietary groups (A) and in individual fish (B). In the figure, all taxa with an overall abundance of ≥1% were reported.](pone.0231494.g005){#pone.0231494.g005}

![Relative abundance (%) of the most prevalent autochthonous bacterial orders in each dietary groups (A) and in individual fish (B). In the figure, all taxa with an overall abundance of ≥1% were reported.](pone.0231494.g006){#pone.0231494.g006}

10.1371/journal.pone.0231494.t006

###### Original number of reads per group-treatment assigned to OTUs, and alpha diversity metrics values (rarefied at 5000 reads) of mucosa microbial community in sea bass fed CTRL, GMOS, GMOSPHYTO, and PHYTO diets.
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                      FEEDING GROUP                                                   
  ------------------- -------------------- -------------------- --------------------- ------------------
  Reads               41,853 ± 16,194^a^   41,495 ± 19,054^a^   28,386 ± 19,972^ab^   9,792 ± 8,939^b^
  Observed OTUs       44 ± 20              51 ± 10              60 ± 22               41 ± 16
  Shannon             2.62 ± 0.68^b^       3.35 ± 1.57^ab^      3.40 ± 1.27^ab^       4.57 ± 1.12^a^
  Pielou's evenness   0.50 ± 0.14^b^       0.55 ± 0.23^b^       0.58 ± 0.21^ab^       0.86 ± 0.16^a^
  Faith PD            9.68 ± 4.46^ab^      10.34 ± 4.74^ab^     12.04 ± 4.37^a^       4.98 ±3.12^b^

Reported data are expressed as means ± SD (n = 6). The means were compared by Kruskal-Wallis test (p\<0.05). Different superscript letters on the same column indicate significant differences.

To elaborate alpha rarefaction analysis (alpha diversity), samples were rarefied at 5,000 reads. Albeit, PHYTO samples had the lowest number of reads, the autochthonous gut microbial communities of fish fed with this diet were characterized by higher biodiversity than control and GMOS dietary groups, as indicated by high value of Shannon diversity index. Contrariwise, functional diets did not affected species richness (Observed OTUs) (Tables [6](#pone.0231494.t006){ref-type="table"} and [7](#pone.0231494.t007){ref-type="table"}).

10.1371/journal.pone.0231494.t007

###### Results of permutational multivariate analysis of variance (Adonis), and analysis of similarity (ANOSIM) based on unweighted and weighted UniFrac distance matrices using abundance data of intestinal mucosa-associated bacterial communities.
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  Adonis                        Unweighted      Weighted                       
  ----------------------------- --------------- -------------- --------------- --------------
                                ***p*-value**   **R**^**2**^   ***p*-value**   **R**^**2**^
  CTRL vs GMOS                  0.854           0.04           0.400           0.09
  CTRL vs GMOSPHYTO             0.385           0.10           0.145           0.16
  CTRL vs PHYTO                 **0.043**       0.19           0.314           0.10
  GMOS vs GMOSPHYTO             0.374           0.10           0.506           0.07
  GMOS vs PHYTO                 0.136           0.13           0.263           0.11
  GMOSPHYTO vs PHYTO            **0.033**       0.21           0.221           0.14
  CTRL vs diet CTRL             **0.003**       0.59           **0.031**       0.38
  GMOS vs diet GMOS             **0.017**       0.45           0.060           0.27
  GMOSPHYTO vs diet GMOSPHYTO   **0.007**       0.67           **0.024**       0.36
  PHYTO vs diet PHYTO           **0.004**       0.33           **0.018**       0.65
  **ANOSIM**                                                                   
                                ***p*-value**   **R**          ***p*-value**   **R**
  CTRL vs GMOS                  0.697           -0.06          0.317           0.01
  CTRL vs GMOSPHYTO             0.255           0.05           0.121           0.154
  CTRL vs PHYTO                 **0.042**       0.28           0.289           0.03
  GMOS vs GMOSPHYTO             0.488           -0.01          0.394           -0.01
  GMOS vs PHYTO                 0.125           0.13           0.216           0.07
  GMOSPHYTO vs PHYTO            **0.042**       0.30           0.121           0.16
  CTRL vs diet CTRL             **0.011**       0.79           0.081           0.34
  GMOS vs diet GMOS             **0.037**       0.54           **0.215**       0.05
  GMOSPHYTO vs diet GMOSPHYTO   **0.006**       1.00           **0.067**       0.33
  PHYTO vs diet PHYTO           **0.033**       0.39           **0.018**       0.65

Significant p-values are in bold.

Both weighted and unweighted UniFrac analyses were performed to measure microbial community diversity (beta-diversity). Data of UniFrac matrices were projected onto three-dimensional plots using principal coordinates analysis (PCoA) ([Fig 7](#pone.0231494.g007){ref-type="fig"}). There was a diet effect on unweighted UniFrac distances, i.e. on the presence/absence of specific taxa. Indeed, unweighted UniFrac PCoA revealed a clustering of PHYTO samples, which grouped separately from CTRL and GMOSPHYTO fish along the first principal coordinate PC1 (47% of the variation) ([Fig 7A](#pone.0231494.g007){ref-type="fig"}). On the contrary, in weighted PCoA, most samples were broadly indistinguishable ([Fig 7B](#pone.0231494.g007){ref-type="fig"}).

![Beta diversity metrics.\
Principal coordinate analysis (PCoA) of Unweighted (A) and Weighted (B) Unifrac distances of gut autochthonous microbial communities associated to different diet. The figures show the 3D plot of individual fish according to their microbial profile at genus level.](pone.0231494.g007){#pone.0231494.g007}

Likewise, for faecal bacterial communities, microbial profiles of feeds and mucosa differed to each other, both qualitatively and qualitatively. Multivariate analysis on UniFrac distance data confirmed PCoA results, indicating a significant divergence between feeding groups for only unweighted UniFrac distance matrix. Pairwise test Adonis and ANOSIM on the unweighted UniFrac data showed that fish fed diet PHYTO significantly differed (p\<0.05) from CTRL (R^2^ = 0.19, R = 0.28) and GMOSPHYTO (R^2^ = 0.21, R = 0.30) ([Table 6](#pone.0231494.t006){ref-type="table"}).

The variation of resident gut microbiota induced by diet was definitely lower than the variation of transient intestinal microbiota. The mucosa adhered microbial community of sea bass was mainly dominated, regardless of the diet, by three phyla: Proteobacteria, Firmicutes and Bacteroidetes ([Fig 5](#pone.0231494.g005){ref-type="fig"}, [Table 8](#pone.0231494.t008){ref-type="table"}).

10.1371/journal.pone.0231494.t008

###### Mean relative abundance (%) ± SD (n = 6) of the most prevalent phyla, orders, classes, families, and genera found in gut mucosa samples of sea bass fed with four experimental diets.

![](pone.0231494.t008){#pone.0231494.t008g}

  TAXA                       DIET                                                                             
  -------------------------- ------- --- --------- ------- --- ----------- ------- --- ---------- ------- --- ----------
  **Phylum**                                                                                                  
  Actinobacteria             0.89    ±   1.00      4.28    ±   6.66        3.24    ±   4.40       6.36    ±   6.52
  Bacteroidetes              0.05    ±   0.10^c^   2.98    ±   6.09^bc^    21.29   ±   15.91^a^   3.53    ±   2.40^ab^
  Firmicutes                 1.04    ±   1.33^b^   9.85    ±   13.56^ab^   26.89   ±   12.88^a^   6.06    ±   7.72^b^
  Fusobacteria               24.58   ±   36.47     0.06    ±   0.11        0.15    ±   0.24       0.00    ±   0.00
  Proteobacteria             71.12   ±   38.85     76.47   ±   20.28       44.54   ±   16.18      82.05   ±   15.78
  Spirochaetes               1.48    ±   2.50      0.00    ±   0.01        0.00    ±   0.00       0.06    ±   0.13
  Tenericutes                0.25    ±   0.44      5.87    ±   10.66       0.00    ±   0.00       0.03    ±   0.07
  **Class**                                                                                                   
  Actinobacteria             0.89    ±   0.90      4.27    ±   6.66        3.23    ±   4.41       6.36    ±   6.52
  Bacteroidia                0.00    ±   0.00      1.30    ±   2.91        20.78   ±   15.99      0.59    ±   1.31
  Flavobacteriia             0.05    ±   0.08^b^   1.52    ±   3.06^ab^    0.47    ±   0.45^ab^   2.95    ±   1.94^a^
  Bacilli                    1.03    ±   1.19      9.40    ±   12.72       12.02   ±   18.53      4.10    ±   4.89
  Clostridia                 0.01    ±   0.01^b^   0.07    ±   0.07^b^     14.76   ±   14.29^a^   1.96    ±   3.62^b^
  Fusobacteriia              24.58   ±   32.62     0.06    ±   0.11        0.15    ±   0.24       0.00    ±   0.00
  Alphaproteobacteria        1.54    ±   1.72      8.79    ±   11.30       10.31   ±   6.89       8.38    ±   11.74
  Betaproteobacteria         1.68    ±   1.81      3.22    ±   5.00        4.11    ±   2.71       2.32    ±   3.52
  Gammaproteobacteria        67.90   ±   36.11     64.35   ±   28.67       30.12   ±   17.71      71.35   ±   26.67
  \[Brevinematae\]           1.48    ±   2.23      0.00    ±   0.01        0.00    ±   0.00       0.06    ±   0.13
  Mollicutes                 0.25    ±   0.39      5.87    ±   10.66       0.00    ±   0.00       0.03    ±   0.07
  **Order**                                                                                                   
  Actinomycetales            0.90    ±   1.01      4.68    ±   7.50        3.56    ±   4.99       6.07    ±   6.58
  Bacteroidales              0.00    ±   0.00      1.33    ±   2.97        21.87   ±   17.06      0.59    ±   1.31
  Flavobacteriales           0.05    ±   0.09^b^   1.56    ±   3.12^ab^    0.50    ±   0.48^ab^   2.96    ±   1.95^a^
  Bacillales                 0.45    ±   0.61      2.70    ±   3.48        1.35    ±   1.76       1.40    ±   2.04
  Lactobacillales            0.59    ±   0.75      7.16    ±   10.83       12.04   ±   19.15      2.73    ±   3.76
  Clostridiales              0.01    ±   0.01^b^   0.07    ±   0.08^b^     15.31   ±   14.36^a^   1.98    ±   3.68^b^
  Fusobacteriales            24.79   ±   36.87     0.06    ±   0.11        0.17    ±   0.27       0.00    ±   0.00
  RF32                       0.00    ±   0.00      0.00    ±   0.00        1.84    ±   3.68       0.00    ±   0.00
  Rhizobiales                0.44    ±   0.42      4.02    ±   7.65        2.10    ±   2.37       2.26    ±   3.19
  Rhodobacterales            0.05    ±   0.10      0.30    ±   0.47        0.63    ±   1.05       3.70    ±   5.60
  Sphingomonadales           0.07    ±   0.13      0.09    ±   0.08        0.00    ±   0.00       1.78    ±   2.52
  Burkholderiales            0.26    ±   0.26      2.16    ±   4.27        1.92    ±   0.54       0.28    ±   0.55
  Neisseriales               1.45    ±   2.04      1.12    ±   0.94        2.55    ±   3.54       2.07    ±   3.74
  Alteromonadales            0.65    ±   0.79      0.85    ±   1.65        0.55    ±   0.59       6.89    ±   8.93
  Enterobacteriales          6.42    ±   14.28     4.72    ±   6.32        5.40    ±   10.13      0.30    ±   0.66
  Oceanospirillales          1.40    ±   2.52      1.37    ±   2.71        1.41    ±   1.49       5.21    ±   5.17
  Pseudomonadales            1.21    ±   1.18      6.72    ±   7.84        13.57   ±   19.14      15.51   ±   31.50
  Salinisphaerales           0.06    ±   0.12      0.58    ±   0.70        0.76    ±   0.97       3.75    ±   5.15
  Vibrionales                58.82   ±   38.47     51.33   ±   40.91       9.57    ±   11.37      38.67   ±   48.24
  \[Brevinematales\]         1.49    ±   2.50      0.00    ±   0.01        0.00    ±   0.00       0.06    ±   0.13
  Mycoplasmatales            0.25    ±   0.44      6.11    ±   11.47       0.00    ±   0.00       0.03    ±   0.07
  **Family**                                                                                                  
  *Bogoriellaceae*           0.00    ±   0.00      0.00    ±   0.00        0.23    ±   0.47       0.65    ±   1.45
  *Corynebacteriaceae*       0.04    ±   0.07      0.23    ±   0.38        0.17    ±   0.27       1.77    ±   1.83
  *Micrococcaceae*           0.08    ±   0.17      0.01    ±   0.03        0.07    ±   0.10       2.32    ±   4.26
  *Propionibacteriaceae*     0.70    ±   0.72      4.32    ±   7.65        3.09    ±   4.90       1.33    ±   1.25
  *Bacteroidaceae*           0.00    ±   0.00      0.00    ±   0.00        12.07   ±   13.93      0.31    ±   0.70
  *Porphyromonadaceae*       0.00    ±   0.00      1.33    ±   2.97        0.92    ±   1.09       0.00    ±   0.00
  *Prevotellaceae*           0.00    ±   0.00      0.00    ±   0.00        7.50    ±   14.99      0.27    ±   0.61
  *\[Paraprevotellaceae\]*   0.00    ±   0.00      0.00    ±   0.00        0.79    ±   1.59       0.00    ±   0.00
  *Flavobacteriaceae*        0.00    ±   0.01      0.47    ±   0.86        0.47    ±   0.52       2.30    ±   2.38
  *\[Weeksellaceae\]*        0.04    ±   0.09      1.08    ±   2.27        0.03    ±   0.06       0.66    ±   1.39
  *Planococcaceae*           0.01    ±   0.03      0.81    ±   1.82        0.00    ±   0.00       0.00    ±   0.00
  *Staphylococcaceae*        0.33    ±   0.37      1.72    ±   3.36        1.22    ±   1.80       1.39    ±   2.05
  *Enterococcaceae*          0.00    ±   0.01      3.68    ±   8.22        0.02    ±   0.04       0.39    ±   0.88
  *Lactobacillaceae*         0.50    ±   0.65      2.74    ±   2.56        11.48   ±   18.53      1.21    ±   1.61
  *Streptococcaceae*         0.08    ±   0.09      0.54    ±   0.96        0.54    ±   0.64       1.12    ±   2.49
  *Lachnospiraceae*          0.00    ±   0.00      0.00    ±   0.00        9.13    ±   11.16      0.28    ±   0.63
  *Ruminococcaceae*          0.00    ±   0.01      0.00    ±   0.00        3.46    ±   2.82       0.00    ±   0.00
  *Veillonellaceae*          0.00    ±   0.00      0.00    ±   0.00        1.97    ±   2.79       0.00    ±   0.00
  *\[Tissierellaceae\]*      0.01    ±   0.01      0.06    ±   0.05        0.21    ±   0.25       1.70    ±   3.79
  *Fusobacteriaceae*         24.79   ±   36.87     0.06    ±   0.11        0.17    ±   0.27       0.00    ±   0.00
  *Methylobacteriaceae*      0.37    ±   0.38      3.93    ±   7.69        1.59    ±   1.64       1.80    ±   2.39
  *Rhodobacteraceae*         0.05    ±   0.10      0.30    ±   0.47        0.63    ±   1.05       3.70    ±   5.60
  *Acetobacteraceae*         0.00    ±   0.00      0.93    ±   2.08        0.00    ±   0.00       0.34    ±   0.76
  *Erythrobacteraceae*       0.07    ±   0.13      0.09    ±   0.08        0.00    ±   0.00       1.08    ±   1.57
  *Sphingomonadaceae*        0.00    ±   0.00      0.00    ±   0.00        0.00    ±   0.00       0.71    ±   0.97
  *Alcaligenaceae*           0.06    ±   0.05      0.18    ±   0.35        1.52    ±   0.66       0.00    ±   0.00
  *Comamonadaceae*           0.07    ±   0.10      1.85    ±   3.98        0.17    ±   0.18       0.26    ±   0.56
  *Neisseriaceae*            1.45    ±   2.04      1.12    ±   0.94        2.55    ±   3.54       2.07    ±   3.74
  *Alteromonadaceae*         0.47    ±   0.64      0.56    ±   1.12        0.37    ±   0.47       4.47    ±   5.52
  *Idiomarinaceae*           0.01    ±   0.02      0.28    ±   0.53        0.03    ±   0.04       2.43    ±   3.43
  *Enterobacteriaceae*       6.42    ±   14.28     4.72    ±   6.32        5.40    ±   10.13      0.30    ±   0.66
  *Alcanivoracaceae*         0.00    ±   0.00      0.02    ±   0.02        0.00    ±   0.00       1.33    ±   1.85
  *Halomonadaceae*           1.40    ±   2.52      1.36    ±   2.71        1.41    ±   1.49       3.88    ±   3.89
  *Moraxellaceae*            1.15    ±   1.09      6.69    ±   7.88        3.06    ±   3.12       1.20    ±   1.20
  *Pseudomonadaceae*         0.07    ±   0.13      0.04    ±   0.05        10.51   ±   20.20      14.31   ±   30.93
  *Salinisphaeraceae*        0.06    ±   0.12      0.58    ±   0.70        0.76    ±   0.97       3.75    ±   5.15
  *Piscirickettsiaceae*      0.00    ±   0.00      0.00    ±   0.00        0.00    ±   0.00       0.68    ±   1.52
  *Pseudoalteromonadaceae*   4.56    ±   9.60      0.06    ±   0.14        0.05    ±   0.06       1.46    ±   2.03
  *Vibrionaceae*             30.14   ±   39.52     49.76   ±   42.21       8.06    ±   11.39      33.82   ±   46.31
  *Xanthomonadaceae*         0.02    ±   0.04      0.64    ±   1.40        0.00    ±   0.00       0.00    ±   0.00
  *Brevinemataceae*          1.49    ±   2.50      0.00    ±   0.01        0.00    ±   0.00       0.06    ±   0.13
  *Mycoplasmataceae*         0.25    ±   0.44      6.11    ±   11.47       0.00    ±   0.00       0.03    ±   0.07
  **Genus**                                                                                                   
  *Georgenia*                0.00    ±   0.00      0.00    ±   0.00        0.23    ±   0.47       0.65    ±   1.45
  *Corynebacterium*          0.04    ±   0.07      0.23    ±   0.38        0.17    ±   0.27       1.77    ±   1.83
  *Kocuria*                  0.05    ±   0.11      0.01    ±   0.03        0.02    ±   0.04       0.80    ±   1.79
  *Rothia*                   0.00    ±   0.00      0.00    ±   0.00        0.00    ±   0.00       0.73    ±   1.63
  *Propionibacterium*        0.70    ±   0.72      4.32    ±   7.65        3.09    ±   4.90       1.33    ±   1.25
  *Bacteroides*              0.00    ±   0.00      0.00    ±   0.00        12.07   ±   13.93      0.31    ±   0.70
  *Dysgonomonas*             0.00    ±   0.00      1.33    ±   2.97        0.00    ±   0.00       0.00    ±   0.00
  *Parabacteroides*          0.00    ±   0.00      0.00    ±   0.00        0.92    ±   1.09       0.00    ±   0.00
  *Prevotella*               0.00    ±   0.00      0.00    ±   0.00        7.50    ±   14.99      0.27    ±   0.61
  *\[Prevotella\]*           0.00    ±   0.00      0.00    ±   0.00        0.79    ±   1.59       0.00    ±   0.00
  *Salegentibacter*          0.00    ±   0.00      0.04    ±   0.09        0.00    ±   0.00       0.78    ±   1.08
  *Chryseobacterium*         0.00    ±   0.00      0.00    ±   0.00        0.00    ±   0.00       0.63    ±   1.40
  *Wautersiella*             0.00    ±   0.00      1.01    ±   2.27        0.00    ±   0.00       0.00    ±   0.00
  *Staphylococcus*           0.33    ±   0.37      1.72    ±   3.36        1.22    ±   1.80       1.39    ±   2.05
  *Enterococcus*             0.00    ±   0.01      3.38    ±   7.56        0.02    ±   0.04       0.00    ±   0.00
  *Lactobacillus*            0.50    ±   0.65      2.74    ±   2.56        11.44   ±   18.56      0.79    ±   1.10
  *Streptococcus*            0.08    ±   0.09      0.22    ±   0.25        0.47    ±   0.67       1.12    ±   2.49
  *Blautia*                  0.00    ±   0.00      0.00    ±   0.00        0.79    ±   0.78       0.00    ±   0.00
  *Lachnospira*              0.00    ±   0.00      0.00    ±   0.00        4.89    ±   8.02       0.00    ±   0.00
  *Roseburia*                0.00    ±   0.00      0.00    ±   0.00        1.61    ±   1.34       0.00    ±   0.00
  *Faecalibacterium*         0.00    ±   0.01      0.00    ±   0.00        3.25    ±   2.50       0.00    ±   0.00
  *Dialister*                0.00    ±   0.00      0.00    ±   0.00        0.91    ±   1.82       0.00    ±   0.00
  *Phascolarctobacterium*    0.00    ±   0.00      0.00    ±   0.00        1.06    ±   1.05       0.00    ±   0.00
  *Anaerococcus*             0.01    ±   0.01      0.05    ±   0.06        0.00    ±   0.01       0.82    ±   1.84
  *Cetobacterium*            24.79   ±   36.87     0.02    ±   0.05        0.02    ±   0.03       0.00    ±   0.00
  *Methylobacterium*         0.37    ±   0.38      3.93    ±   7.69        1.59    ±   1.64       1.80    ±   2.39
  *Loktanella*               0.01    ±   0.03      0.02    ±   0.03        0.00    ±   0.00       1.05    ±   2.36
  *Nautella*                 0.00    ±   0.00      0.00    ±   0.00        0.00    ±   0.00       0.69    ±   1.54
  *Paracoccus*               0.03    ±   0.07      0.22    ±   0.50        0.25    ±   0.43       1.29    ±   1.89
  *Erythrobacter*            0.07    ±   0.13      0.09    ±   0.08        0.00    ±   0.00       1.08    ±   1.57
  *Sphingomonas*             0.00    ±   0.00      0.00    ±   0.00        0.00    ±   0.00       0.71    ±   0.97
  *Sutterella*               0.00    ±   0.00      0.00    ±   0.00        1.21    ±   1.00       0.00    ±   0.00
  *Comamonas*                0.00    ±   0.00      1.80    ±   4.01        0.00    ±   0.00       0.00    ±   0.00
  *Alteromonas*              0.15    ±   0.26      0.01    ±   0.02        0.00    ±   0.00       0.90    ±   1.32
  *Glaciecola*               0.31    ±   0.58      0.02    ±   0.03        0.00    ±   0.00       0.76    ±   1.04
  *Marinobacter*             0.01    ±   0.02      0.49    ±   0.99        0.37    ±   0.47       2.81    ±   3.46
  *Idiomarina*               0.01    ±   0.02      0.28    ±   0.53        0.03    ±   0.04       2.43    ±   3.43
  *Escherichia*              6.42    ±   14.28     4.67    ±   6.36        5.40    ±   10.13      0.30    ±   0.66
  *Alcanivorax*              0.00    ±   0.00      0.02    ±   0.02        0.00    ±   0.00       1.33    ±   1.85
  *Chromohalobacter*         0.02    ±   0.05      0.02    ±   0.05        0.22    ±   0.31       0.82    ±   1.12
  *Cobetia*                  1.28    ±   2.58      0.01    ±   0.01        0.00    ±   0.00       0.00    ±   0.00
  *Halomonas*                0.07    ±   0.15      1.32    ±   2.65        1.19    ±   1.37       2.30    ±   2.51
  *Acinetobacter*            0.17    ±   0.39      3.56    ±   7.80        0.18    ±   0.32       0.68    ±   0.98
  *Enhydrobacter*            0.50    ±   0.95      2.97    ±   5.23        2.32    ±   3.07       0.52    ±   0.70
  *Pseudomonas*              0.07    ±   0.13      0.04    ±   0.05        10.51   ±   20.20      10.62   ±   22.68
  *Salinisphaera*            0.06    ±   0.12      0.51    ±   0.62        0.49    ±   0.69       3.75    ±   5.15
  *Pseudoalteromonas*        4.56    ±   9.60      0.06    ±   0.14        0.05    ±   0.06       1.46    ±   2.03
  *Photobacterium*           6.09    ±   13.39     0.50    ±   0.72        0.09    ±   0.18       14.94   ±   33.41
  *Vibrio*                   1.74    ±   3.89      0.04    ±   0.05        0.30    ±   0.61       16.80   ±   37.56
  *Stenotrophomonas*         0.00    ±   0.00      0.63    ±   1.41        0.00    ±   0.00       0.00    ±   0.00
  *Mycoplasma*               0.25    ±   0.44      6.11    ±   11.47       0.00    ±   0.00       0.03    ±   0.07

Means in the same row with different letters indicate statistical significance between taxonomic groups' abundances (p\<0.05).

Among them, the amount of Firmicutes was positively influenced (p\<0.05) by administration of GMOSPHYTO diet ([Table 8](#pone.0231494.t008){ref-type="table"}). This was essentially due to the enrichment in bacteria belonging to the Clostridiales order of the Clostridia class. No differences in relative abundance were found at lower taxonomic level, however several families and genera seemed to have a diet-specific association. The *Prevotellaceae*, *Ruminococcaceae*, *Bacteroidaceae*, and *Veillonellaceae* families were identified only in fish fed diet GMOSPHYTO, whereas *Fusobacteriaceae* were found solely in intestine of control feeding group ([Table 8](#pone.0231494.t008){ref-type="table"}).

Accordingly, the orders Clostridiales, Lactobacillales and Pseudomonadales, as well as the *Bacteroides* and *Prevotella* genera were particularly abundant in resident gut microbiota of fish fed with GMOSPHYTO diet. Similarly, in the same fish group, several genera of Clostridiales, such as *Blautia*, *Lachnospira*, *Roseburia*, *Faecalibacterium*, *Dialister*, and *Phascolarctobacterium*, were identified. On the contrary, *Cetobacterium*, belonging to the *Fusobacteriaceae* family, was found only in the autochthonous gut microbiota of control fish ([Table 8](#pone.0231494.t008){ref-type="table"}).

Discussion {#sec015}
==========

Improving fish health is a major concern for fish farmers. Since 2006 when a European Union-wide ban on the use of antibiotics as growth promoters in animal feed entered into effect (EU Regulation No. 1831/2003), functional feeds with selected additives such as probiotics, prebiotics and phytogenics started to be used in aquaculture and other animal production industries to promote fish health \[[@pone.0231494.ref055]\].

In our study, the choice to use functional feed additives, such as galactomannan oligosaccharides (GMOS) from mucilage and phytogenics in low FM/FO diets, meets the consumer's demand of eco-friendly production practices. European sea bass (*Dicentrarchus labrax*) promptly accepted all the experimental diets for all the duration of the feeding trial, but growth performance, feed intake and feed efficiency were unaffected by prebiotic and/or phytogenic incorporation \[[@pone.0231494.ref020]\].

Marker gene analysis of 16S rRNA was successfully applied to the study of both gut mucosa-associated (autochthonous) and lumen content (allochthonous) microbial communities. The analysis revealed that autochthonous microbiota was characterized by higher species richness than allochthonous microbiota. Number of bacterial genera observed in mucosa samples was indeed, higher than in faecal samples, however autochthonous microbiota was rarefied to a higher read count. Consistent with our results, similar differences in bacterial abundance between transient and mucosa-associated gut microbiota have been previously described in sea bass using 16S rRNA gene sequencing \[[@pone.0231494.ref056]\], as well as in other species \[[@pone.0231494.ref057]--[@pone.0231494.ref059], [@pone.0231494.ref048]\].

As reported in literature, Proteobacteria resulted the most common bacteria phylum in both transient and resident microbial communities of sea bass intestine irrespective to the diet \[[@pone.0231494.ref056], [@pone.0231494.ref060]\]. No significant differences on allochthonous bacterial alpha-diversity and species richness were observed in response to diets containing functional ingredients. In contrast, the mucosa-associated microbiota of fish fed with PHYTO diet, supplemented with a mixture of garlic and labiate-plants oils, showed an increase of Shannon diversity index in comparison to the control feeding group. Carda-Diéguez and colleagues \[[@pone.0231494.ref056]\] did not find any differences in terms of autochthonous microbiota biodiversity in sea bass fed a functional diet containing β-glucans and essential oils, whereas in rainbow trout (*Oncorhynchus mykiss*), intestinal resident bacterial diversity and richness were negatively affected by garlic extract in the diet \[[@pone.0231494.ref061]\]. Nevertheless, in general, the lack of a negative effect on microbial diversity and species richness, like in our study, are considered desired features. High intestinal microbial biodiversity usually reflects a healthy status of the host, because a reduction in commensal bacterial diversity and/or species richness may result in diminished colonization resistance against incoming opportunistic pathogens, which have the potential to induce infection of the intestinal tract \[[@pone.0231494.ref062]--[@pone.0231494.ref063]\].

Although transient and resident gut microbiota of sea bass was dominated by the same phyla (Proteobacteria, Firmicutes, Actinobacteria) irrespective to the diet, the present study clearly showed that gut microbiota can be modulated by dietary supplementation with functional ingredients.

Prebiotics, such as mannan oligosaccharides (MOS) and phytogenics have proved to be effective at modulating fish microbiota in several studies \[[@pone.0231494.ref064], [@pone.0231494.ref018], [@pone.0231494.ref046], [@pone.0231494.ref056], [@pone.0231494.ref065], [@pone.0231494.ref012], [@pone.0231494.ref061]\]. In the present study, allochthonous intestinal microbiota of sea bass fed GMOS diet, but not GMOSPHYTO, showed reduced number of Gammaproteobacteria, mainly represented by the Vibrionales order. This could be considered a positive effect of dietary GMOS administration, since the Vibrionales order includes several potentially pathogenic species for fish, such as *Vibrio anguillarum*, and *Photobacterium damselae*. Similarly, Guardiola et al. \[[@pone.0231494.ref066]\] showed in sea bream that dietary administration of fenugreek (*Trigonella feonum-graecum* L.) seeds, combined with probiotics strains, for 3 weeks, increased skin mucus bactericidal activity against the pathogenic bacterium *P*. *damselae* in comparison to fish of the control and other experimental groups. Seeds of fenugreek are a rich source of a wide variety of nutritive and bioactive compounds, including galactomannan, having several potent activities including antimicrobial and anti-inflammatory effects.

Accordingly, our tested diets with low levels of ingredients of marine origin, and supplemented with GMOS and PHYTO improved significantly European sea bass resistance to *V*. *anguillarum* after intestinal infection and stress challenge \[[@pone.0231494.ref020]\]. However, although the three functional diets reduced gut pathogen translocation rate, there was an evident greater protective effect when GMOS or PHYTO were supplemented to the diet individually. Indeed, the relative percentage of survival was 33%, 47%, 20%, and 40% for fish fed GMOS, PHYTO, GMOSPHYTO, and CTRL diets, respectively \[[@pone.0231494.ref020]\]. Furthermore, at morphology level, the combination of two additives, GMOS and PHYTO, invalidated their site-specific anti-inflammatory properties on fish intestine \[[@pone.0231494.ref020]\]. This observed effectiveness reduction could indicate a possible antagonistic effect between products, effect that appeared to be confirmed by our 16S analysis of gut microbial communities, which showed an increased amount of Vibrionales when GMOS and PHYTO were added together to the feed, but not when only GMOS was supplemented to the diet.

Similarly, previous evidences in European sea bass revealed a positive effect of prebiotic mannan-oligosaccharides (MOS) in terms of fish survival to *V*. *anguillarum* and *V*. *alginolyticus* infection \[[@pone.0231494.ref022], [@pone.0231494.ref067]\]. Also, juvenile trout fed with a diet supplemented with 0.2% MOS showed a significantly decrease of *Aeromonas*/*Vibrio* spp. in comparison to the control group \[[@pone.0231494.ref064]\]. MOS is able to bind the threadlike fimbriae of gram-negative pathogenic bacteria (i.e. *Aeromonas*, *Vibrio*, and *Pseudomonas*) preventing them from attaching to the gut wall thus avoiding their intestinal colonization \[[@pone.0231494.ref068]\]. Dietary inclusion of MOS caused also an enhancement in the number of cells secreting acid mucins in posterior gut of fish \[[@pone.0231494.ref025], [@pone.0231494.ref026]\]. Mucins are the major antiadhesive components of mucus and the improvement in mucus secretion represents, therefore, the primary defence mechanism against colonizing organisms of gut epithelial mucosal surface.

Bacteria assigned to the Clostridiales order were more abundant in intestinal content of fish fed PHYTO diet, as well as, in mucosa-associated microbiota of fish receiving GMOSPHYTO diet. In line with our results, a significant and positive correlation was found in resident intestinal microbiota of rainbow trout between the abundance of the genus *Clostridium* and the levels of garlic oil in the diet \[[@pone.0231494.ref061]\]. Previous studies have highlighted the importance of some members of the Clostridiales order, which includes several butyrate producers. It is known, indeed, that members of the genus *Clostridium*, besides being butyrogenic, can improve fish nutrition by providing essential fatty acids and vitamins \[[@pone.0231494.ref069], [@pone.0231494.ref070], [@pone.0231494.ref071]\]. Accordingly, among Clostridiales, the *Faecalibacterium* and *Ruminococcus* genera were found only in the intestinal lumen of fish fed PHYTO diet. In particular, the *Ruminococcus* genus plays an important role in the degradation of indigestible carbohydrate, such as resistant starch and dietary fibers, thus contributing to the more efficient energy utilization of feed and to intestinal health of host by producing butyrate as end product of dietary fiber fermentation \[[@pone.0231494.ref072], [@pone.0231494.ref073], [@pone.0231494.ref074]\]. Similarly, *Faecalibacterium* is the most important commensal butyrate-producing bacterium in the human colon and it is considered as a bio-indicator of human health \[[@pone.0231494.ref075]\].

Interestingly, dietary supplementation with phytogenics inhibited coliform bacteria; specifically *Escherichia* genus was practically undetectable in allochthonous microbiota of fish fed PHYTO and GMOSPHYTO diets. Accordingly, a reduction in Coliforms and in *Escherichia coli* counts were reported in the cecum, small and large intestine of broilers fed with diets containing phytogenic feed additives \[[@pone.0231494.ref076]--[@pone.0231494.ref078]\].

In the last two decades EOs have been extensively investigated for their use as feed additives for terrestrial animals \[[@pone.0231494.ref079], [@pone.0231494.ref034]\]; only limited information is instead available about their potential benefits on fish health \[[@pone.0231494.ref041]\]. Studies reporting the effect of dietary EOs on gut bacterial composition of fish are indeed, still scarce, therefore our study represents a contribution. Consistent with our results, Ran et al. \[[@pone.0231494.ref065]\] tested the effects of a commercial blend of thymol and carvacrol essential oils in hybrid tilapia finding a reduction of *E*. *coli*/Coliform in the gut microbiota. Similarly, in another study in tilapia (*Oreochromis niloticus*), supplementation of diet with EOs from lemongrass, and geranium significantly decreased intestinal total bacteria, Coliforms, *E*. *coli*, and *Aeromonas* counts \[[@pone.0231494.ref012]\].

Numerous studies have demonstrated the antimicrobial effects of EOs *in vitro*, too. Among these, Helander et al. \[[@pone.0231494.ref080]\] demonstrated bactericidal properties of EOs from oregano, carvacrol, and thymol versus *E*. *coli* and *Salmonella*, whereas Ankri and Mirelman \[[@pone.0231494.ref081]\] described the wide spectrum antibacterial activity of garlic against Gram-negative and Gram-positive bacteria, including *E*. *coli*. The antimicrobial mechanism of essential oils is related to their lipophilic properties and chemical composition. EOs can damage bacteria cells affecting both, the membrane and cytoplasm. Indeed, the lipophilic nature of EO compounds allows them to penetrate cell membrane and remain between the phospholipid bilayer thus changing bacterial membrane structure and, consequently, its permeability. EOs can also affect quorum sensing systems \[[@pone.0231494.ref082], [@pone.0231494.ref043]\]. However, although, the antimicrobial properties of EOs have been clearly evidenced either *in vitro* or *in vivo*, it is also true that the commonly used microbiome profiling methods focus on the relative abundance or proportions of OTUs, meaning that that they cannot discriminate whether an enrichment in certain species is due to an increase in absolute abundance or a decrease in the abundances of other dominant taxa.

In the present study, changes in gut mucosa-adhered (resident) microbial communities were definitely less pronounced in comparison to dietary modulation of transient gut microbiota. This is a direct consequence of the fact that feedstuffs are a major source of allochthonous bacteria, which can temporarily integrate into the gut transient microbiome. However, it does not mean that the composition of transient bacterial communities is simply a mirror of feed-borne bacteria. Indeed, microbial profile of feeds resulted different from faecal microbial profiles. Otherwise, the data shows that even though there was a very large relative abundance of LAB in the diets, they failed to colonize/establish in the gut. They were not observed in the allochthonous bacteria, whereas in the autochthonous, they only represented an important order in the GMOSPTHYTO group and to a lesser extent in the GMOS group.

At resident microbiota level, only the combination of both functional ingredients (GMOSPHYTO) caused a significant increase of Firmicutes, essentially due to the enrichment in bacteria belonging to the Clostridiales order. In addition to *Clostridium*, Firmicutes phylum includes different genera of lactic acid bacteria (LAB) such as *Streptococcus*, *Lactobacillus*, and *Leuconostoc*. LAB are generally considered beneficial microorganisms and used as probiotics for fish and for other vertebrates \[[@pone.0231494.ref083], [@pone.0231494.ref084]\]. Therefore, an increase in their number is usually considered desirable, because they are associated with a healthy intestine. However, in sea bass, the number of LAB did not increase in response to dietary administration of prebiotic GMOS. This was an unexpected result since galactomannan-oligosaccharides are complex and indigestible carbohydrates (dietary fiber) that can be used as a substrate by LAB. Previous studies using similar feed additives reported an increase in LAB number in sea bream (*Sparus aurata*), Nile tilapia (*O*. *niloticus*), and rainbow trout (*O*. *mykiss*) gut microbiota \[[@pone.0231494.ref018], [@pone.0231494.ref085]--[@pone.0231494.ref086]\]. Similarly, an enrichment in *Lactobacillus* genus was found in the intestine of trout fed with a diet containing insect meal, which is rich in chitin, a mucopolysaccharide polymer, which acts as a prebiotic being hardly digested by many fish species \[[@pone.0231494.ref048]\]. The combined administration of GMOS and phytogenic (GMOSPHYTO) also caused an enrichment in the *Bacteroides* and *Prevotella* genera in mucosa-associated microbial communities of sea bass. In humans, *Bacteroides* is clinically important genus, whereas the *Prevotella* species are commensal colonizers at mucosal sites, generally characterized by low pathogenicity and only few strains belonging to this genus exhibit opportunistic properties by promoting inflammatory diseases \[[@pone.0231494.ref087]\]. Interestingly, in line with our results, the number of counts of *Prevotella* was greater among mice fed galactomannan derived from citrus and fenugreek than among normal diet fed animals \[[@pone.0231494.ref088]\]. In the same study the increased amount of *Prevotella* was associated to an improved glucose metabolism.

The aforementioned differences in bacterial communities were also confirmed by the unweighted and weighted UniFrac analyses. PCoA plots showed that the major effect of diet was observed in faecal samples in terms of both, relative abundance and presence of specific taxa.

Conclusions {#sec016}
===========

In summary, CTRL feed-associated bacteria showed a higher diversity in comparison to the bacteria found in functional feeds. We hypothesize that the additives GMOS and PHYTO, having an antimicrobial effect, have favoured the dominance of specific taxa, such as LAB thus lowering the biodiversity of functional feeds. However, the high amount of Lactobacillus found in functional feeds is in terms of relative abundance and it is not an absolute quantification. It means that we cannot discriminate whether an enrichment in certain species is due to an increase in absolute abundance or a decrease in the abundances of other dominant taxa.

As for the gut-associated microbiota, our findings suggest that the dietary inclusion of GMOS (0.5%) and a phytogenic composed by garlic and labiatae plants oils (0.02%) in a low FM and FO diet induces changes in bacterial community composition of European sea bass. However, if on allochthonous microbiota the combined inclusion of GMOS and PHYTO showed an antagonistic effect, at mucosa level only GMOSPHYTO diet increased the relative abundance of the Bacteroidales, Lactobacillales and Clostridiales resident microbiota orders. The main beneficial effects of GMOS and PHYTO on gut microbiota are on one side, the reduction of coliforms and Vibrionales bacteria, which include several potentially pathogenic species for fish, and the other, the enrichment of gut microbiota composition with butyrate producer taxa. Therefore, it is evident that these functional ingredients have a great potential to be used as health-promoting agents in in the farming of European sea bass and other marine fish.
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